In this work, we report results from fully atomistic molecular dynamics simulations regarding the associative behavior of a third-generation poly(amidoamine) dendrimer with ibuprofen, a weakly acidic nonsteroidal anti-inflammatory drug, in aqueous solutions and at different pH conditions. Employing a combined static and dynamic approach, we describe the specifics of the complexation/encapsulation of the drug within the dendritic structure. In addition, information regarding the dynamic behavior is provided for the self-and the collective motion of the drug molecules. The detail afforded by the present molecular-level description of the relevant associative mechanisms (i.e., electrostatic complexation, hydrogen-bonding), provides a deeper insight for the interpretation of recent experimental findings regarding the behavior of dendrimer/ibuprofen systems in an aqueous environment.
I. Introduction
Recent advances in pharmaceutical research have demonstrated that strategies based on a molecular-level design in drug formulations are superior as compared to conventional procedures (e.g., to systemic approaches 1 ) in terms of their therapeutical efficiency. Key factors upon which the success of such formulations are based are the ability of the used systems to solubilize the desired drug compounds and to sustain an increased drug load while maintaining the integrity of the formed complexes under different thermodynamic and mechanical conditions as well as their ability to release the therapeutic agent in a controllable manner and to limit toxicity at minimum levels. 2, 3 A novel class of systems which to a large extent fulfills such requirements, combining at the same time advantageous features such as modifiable surface groups, multifunctionality, and nanoscale monodisperse size, are polymers bearing a regular dendritic architecture, referred to as dendrimers. [3] [4] [5] These molecules can form covalent or noncovalent complexes with pharmaceutical compounds and act as vehicles for targeted drug delivery and controlled-release purposes. 5, 6 Complex formation with other compounds can be promoted, for example, by solvophobic/solvophilic interactions, hydrogen bonding, or ionic pairing or through chemical binding (conjugation) to their surface groups. [7] [8] [9] A particular class of such moleculessnamely, poly(amidoamine) dendrimers (PAMAM)shas been widely considered for biomedical applications. Properties such as biocompatibility, 10 water solubility, versatility in modifying their functional groups, 11 and responsiveness of their conformational properties to an aqueous environment 12, 13 render these molecules appropriate for such uses. These attributes enable PAMAM dendrimers to enhance drug solubilization and to facilitate the transport and the controlled release of complexed pharmaceutical and biological molecules at targeted sites. 8, 14, 15 Among other biomedical uses, PAMAM dendrimers have recently emerged as promising candidates for the encapsulation and the delivery of poorly water-soluble drugs belonging to class II compounds in the Biopharmaceutical Classification System 16 (i.e., characterized by poor solubility but high permeability), which still pose a challenge in drug formulation. [17] [18] [19] Although significant advances have been made through experimental observations regarding the association of such drug moieties with PAMAM dendrimers 15, [20] [21] [22] and several mechanisms have been proposed to explain the observed behavior, 14 ,21,23 a molecular-level description that can offer both qualitative and quantitative information is particularly desirable if optimized formulations for such drugs are to be pursued.
To this end, we have employed fully atomistic molecular dynamics (MD) simulations, to examine the specifics of the association of a PAMAM dendrimer in aqueous solutions with a nonsteroidal anti-inflammatory drug (NSAID) with analgesic action, ibuprofen [2-(4-isobutylphenyl) propionic acid], which is used in the treatment of conditions such as rheumatoid arthritis, osteoarthritis, and ankylosing spondylitis. 24 Ibuprofen ( Figure 1 ) is a class II drug belonging to a category of weakly acidic pharmaceutical molecules bearing carboxylic groups (commercial compounds such as ketoprofen, diflunisal, naproxen, and indomethacin belong to the same category). 22 Recent experiments have demonstrated that complexation of ibuprofen with PAMAM dendrimers not only can promote the solubilization of the drug but may increase its cellular uptake as well. 21, 25, 26 It therefore represents an interesting system with good prospects for pharmaceutical uses, and a better understanding of the mechanisms involved in the complexation may offer valuable information toward setting a more general framework in the study of PAMAM/hydrophobic acidic drug systems.
Although ibuprofen can be administered as a racemic mixture of the two optical enantiomers 27 (namely, S and R), it is known that only the S-enantiomer is therapeutically active, 27, 28 whereas in vitro studies have demonstrated that administration of only the S-isomer can be advantageous due to the reduced metabolic load of the body and the better tolerance of patients to the drug doses. 29 For these reasons, we have focused solely on the behavior of the S-isomer. Therefore, from now on when we use the term "ibuprofen" we will refer to the S-enantiomer.
II. Simulation Details
A. Description of the Models. We have considered ethyldiamine (EDA)-cored and -NH 2 -terminated PAMAM dendrimers of the third (G3) generation ( Figure 1 ) in aqueous solutions (water molecules have been taken explicitly into account) in the presence of ibuprofen molecules. To mimic conditions representing different pH levels, we have simulated systems with the PAMAM dendrimer at various states of protonation of the amine groups. As follows from relevant titration experiments, 30 at high pH conditions, PAMAM dendrimers are not charged; at physiological pH, all primary amines (located at the periphery) are protonated; and at low pH values (i.e., pH < 4) the tertiary amines (located at the interior of the dendritic structure) become protonated, as well. Concerning the charging state of ibuprofen at different pH conditions, it has been found that at high pH conditions (pH > 10.5), ibuprofen becomes fully ionized (due to deprotonation of the -OH of the carboxyl group), whereas at low pH conditions (pH < 2), it remains neutral. 14, 21 Moreover, it was observed that the maximum load of ibuprofen molecules per dendrimer was realized when the drug was at its ionized state; that is, at a high pH environment. 14, 21 Specifically, it was demonstrated 21 that for systems consisting of G3 PAMAM dendrimers, the maximum number of associated drug molecules per dendrimer did not exceed that of the primary amine groups of the dendrimer; that is, 32, regardless of the amount that was initially included in the solution. Taking into account the above experimentally available information, we have constructed models consisting of a G3 PAMAM dendrimer in different protonation states, water, and 32 ibuprofen molecules, as described in Table 1 . To preserve the overall charge neutrality, an appropriate number of negative Cl -(in neutral and low pH conditions) and positive Na + (in the case of ionized ibuprofen) counterions was also added. 31, 32 As can be seen in Table 1 , we have also considered a system consisting of a nonprotonated PAMAM dendrimer and unionized ibuprofen molecules (quoted as "G3_Basic") as a virtual reference state for comparison to the G3_Ionized system. B. Construction and Simulation Protocol. Atomistic molecular models of the G3 PAMAM dendrimer were obtained from an earlier work. 33 At the initial stage of the construction of the dendrimer/drug models, ibuprofen molecules were placed within a spherical shell of width comparable to the dendrimer's radius of gyration around the dendrimer periphery (i.e., the maximum distance from the dendrimer's center of mass was twice the radius of gyration of the dendrimer). As noted earlier, to maintain charge neutrality, addition of an appropriate number of Cl -counterions in neutral and low pH conditions was made, whereas in the case of ionized ibuprofen, Na + counterions were included instead. The so-constructed dendrimer/drug models were solvated with explicit water molecules in a cubic simulation cell with dimensions sufficient to provide a solvation layer of at least 10 Å around the dendrimer molecule 34 (the size of the simulation box for all systems was several times larger compared to the radius of gyration of the dendrimer).
The systems were then subjected to energy minimization by at least 100 000 steepest descent and conjugate gradient cycles by employing energetic parameters according to the AMBER 35, 36 forcefield for the dendrimer and ibuprofen molecules (including bond-stretching, angle-bending, torsional rotation, and van der Waals and hydrogen-bonding interactions) and the TIP3P set of parameters 37 for the water molecules. Partial charges were assigned to the dendrimer/drug molecules by applying the Gasteiger algorithm, 38 whereas electrostatic interactions were accounted for by full Ewald summation. van der Waals interactions were modeled by a 12-6 Lennard-Jones potential without taking into account interactions between atoms more than 10 Å apart. Interactions between hydrogens of proton donors and proton acceptors were described by a 12-10 potential term. 39 Following the energy minimization, 200-600 ps MD simulations were performed in the constant-temperature, constant- a The terms "Basic", "Neutral" and "Acid" refer to the pH condition characterizing each system. The notation "ionized" refers to the state of basic pH when all ibuprofen molecules are ionized.
pressure ensemble (NPT, p ) 1 atm, T ) 300 K), at the end of which the density of each system was stabilized. To further equilibrate the models in terms of dendrimer conformations and distributions of ibuprofen and water around the dendrimer, we performed a series of MD runs in the constant-temperature, constant-volume ensemble (maintaining the box size that was determined from the preceding NPT runs), starting from 800 K and cooling with steps of 100 K until a temperature of 300 K was reached. The systems spent at least 200 ps (in 1 fs steps) at each temperature. At the end of this procedure and at the T ) 300 K run, energy, pressure (1 atm), dendrimer size, and distributions of water and drug molecules around the dendrimer had reached equilibrium. Using these systems as starting points, we performed production runs of 4-6 ns in the microcanonical ensemble (NVE) with a time step of 1 fs and frame-saving frequency of 1 ps. During production runs, all energetic components remained stable, the average pressure remained close to 1 atm, and the temperature remained at 300 K. The length of the produced trajectories was sufficient for the relaxation of the autocorrelation function describing fluctuations of the radius of gyration of the dendrimer molecules (not shown here).
To validate the adopted forcefield regarding the description of ibuprofen, we have also constructed a bulk model for the drug at T ) 300 K following a similar combination of energy minimization and MD runs for the equilibration process. At the end of this cycle, the average density was stabilized to a value close to experimental, and energetic contributions had reached equilibrium, as well. Finally, trajectories of 4 ns length were performed in the NVE ensemble. During these runs, the drug sample remained at an amorphous state, as has been verified by checking the static structure factor arising from the centers of mass of the ibuprofen molecules (not shown here).
Utilization of the aforementioned forcefields (AMBER for the dendrimer and TIP3P for the water molecules) has been proven appropriate in the description of PAMAM dendrimers or other complex biological systems. [40] [41] [42] [43] To verify the suitability of the AMBER forcefield for the description of the ibuprofen molecules, we have checked characteristic properties such as the density, the Hansen solubility parameter 44 and the average dipole moment of the drug and compared it to available literature data. Namely, after the NPT MD runs, the density was stabilized at F ) 0.99 ( 0.02 g/cm 3 which compares favorably to a value of 1.06 g/cm 3 , as can be estimated for the amorphous state of ibuprofen, 45, 46 whereas calculation of the total Hansen solubility parameter δ based on the cohesive energy density (see, e.g., ref 47 for a more detailed description of the procedure) rendered a value of 9.57 ( 0.46 (cal/cm 3 ) 0.5 , which is within the range of 9.39 to 9.66 (cal/cm 3 ) 0.5 reported for bulk ibuprofen. 48, 49 Calculation of the average dipole moment of ibuprofen yielded a value of 1.80 ( 0.02D, which lies within the limits estimated for the more stable ibuprofen conformers.
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IV. Results and Discussion
Previous studies on the solubility of poorly soluble acidic drugs in aqueous solutions of PAMAM dendrimers showed that drug/dendrimer complexes were formed, thus promoting the solubility of the hydrophobic drugs. 3, 51 These complexes were found to remain stable at neutral pH conditions, even after storage for several weeks, but they were found unstable in an acidic environment. Attempts for complex formation with nonpolar molecules were proven unsuccessful, 51 suggesting that interactions between the polar regions of the acidic drug and the dendrimer were particularly important for complex formation. On the other hand, the inability of the acidic drugs to be encapsulated within the dendrimer at low pH conditions where the tertriary amines lose their basic character indicated that an interaction between the acidic portion of the drug moiety and the basic tertiary amines of PAMAM molecules was likely to play a significant role in the complexation process. 51 On the basis of further experimental studies in PAMAM/hydrophobic drug systems, it was proposed that such interactions between drug molecules and PAMAM amine groups could be of hydrogen bonding or electrostatic 3, 52 nature (or both). Particularly in the case of PAMAM/ibuprofen systems at high pH conditions where the drug is ionized while the dendrimer remains neutral, strong indications were found that complexation was realized through electrostatic interactions between the drug molecules and the peripheral amines of the dendrimer. 14, 21 From the aforementioned experimental findings, it follows that the mechanisms through which ibuprofen associates with PAMAM dendrimers as well as the longevity of the formed complexes correlate strongly to the charging state of the two kinds of molecules and the location of the ionized sites within the dendritic structure. To probe the level of association between ibuprofen and dendrimer and the location of the binding sites, we have examined characteristic static/structural properties of the systems as described in the following paragraph.
A. Spatial Arrangement of Ibuprofen Molecules and Complex Formation. Figure 2 depicts the density distributions of the dendrimer, the water, the ibuprofen molecules, and the counterions (if present), with respect to the center of mass of the dendrimer. As can be readily verified, in all cases, the water density reaches the bulk value at distances beyond the dendrimer's boundary (i.e., after the PAMAM density distribution drops to 0). In the basic pH regime (Figure 2a ) (un-ionized ibuprofen), the dendrimer's distribution is characterized by a "dense core" conformation with a gradual drop toward the periphery. Water penetration is limited close to the dendrimer boundary, whereas ibuprofen penetration (although exhibiting a maximum close to the periphery as well) extents to the core region. In the neutral pH state (Figure 2b ) where the primary amines of the dendrimer are protonated, the density distribution of the dendrimer (while still maximized close to the center-ofmass region) assumes lower values compared to the basic state and decays in a monotonic fashion toward the periphery, as has also been observed in earlier studies. 31 Water molecules do not penetrate further than the dendrimer's boundary, as do the Cl -counterions, to neutralize the PAMAM protonated primary amines. It is interesting, though, to notice that the drug's profile appears more uniform compared to that characterizing the basic state ( Figure 2a ) and is shifted closer to the dendrimer's center of mass. In the low pH state ( Figure  2c ), where both the primary and the tertiary PAMAM amines are protonated, the dendrimer distribution indicates again a dense core region, followed, however, by a marked drop in density. At distances further from the core, an almost constant density profile is formed, followed by the final drop near the periphery.
This behavior is consistent with the significant changes in the dendrimer's conformation at low pH conditions toward a more "open" structure, as has been observed in recent studies. 13, 31 Due to the increased availability of space in the dendrimer's interior, water molecules can penetrate even at distances near the center of mass, assuming an almost constant profile characterized by a value close to the density of bulk water.
The counterions' distribution changes accordingly, since now protonated amines can be found throughout the dendritic structure. Although the availability of free space within the dendrimer's interior becomes higher, the ibuprofen profile has dropped dramatically, indicating that whatever mechanism was responsible for the association of drug molecules with the dendrimer in the basic (Figure 2a ) and neutral ( Figure 2b ) pH states becomes inactive at acid pH conditions.
In the high pH state where the carboxyl group of ibuprofen is negatively charged while the PAMAM amine groups are uncharged (Figure 2d ), characteristic changes in both the dendrimer's and the drug's distributions take place. In comparison to the basic state ( Figure 2a ) where both molecular species are un-ionized, the dendrimer's profile does not exhibit a "dense core" behavior. Instead, a rather low-populated center of mass is followed by an almost homogeneous density distribution until the monotonic drop close to the periphery. Moreover, ibuprofen molecules are nearly normally distributed close to the outer PAMAM region. In view of the corresponding Na + density profile, it appears (note the overlap region between the drug and ion distributions) that a net charge due to the ionized drug is left close to the dendrimer's surface. The location of ibuprofen's density profile with respect to the dendrimer center of mass is a striking result, which clearly indicates a preferential physical binding of the drug molecules to the PAMAM's periphery. Although solely from this information no conclusion can still be drawn regarding the nature of the drug/dendrimer association, this finding is in qualitative agreement with relevant experimental studies, in which a linear dependence of ibuprofen's solubility was noted on the number of surface amines 14 at high pH conditions. Furthermore, it is consistent with the observation that the number of ibuprofen molecules associated with a third-generation -NH 2 -terminated PAMAM dendrimer (identical to our model) in basic pH solutions was found to correspond to the number of the primary (outer) amine groups of the dendrimer. 21 A visualization of the drug molecules' arrangement with respect to the dendrimer is presented in Figure 3 . The arrangement of ibuprofen molecules relative to the dendrimer center of mass as described from the density distributions (Figure 2 ) can be recognized in the snapshots. In the G3_Ionized system (Figure 3a) , drug molecules are located only near the dendrimer's surface, forming a virtual shell around it. The picture for the G3_Basic system is similar to that for the G3_Ionized case, in which the drug molecules are, in principle, close to the dendrimer's periphery. This is also consistent with the corresponding density profile (Figure 2a) , where it was noted that the peak of the distribution was located close to the dendrimer's boundary. In the G3_Neutral system, all ibuprofen molecules appear to penetrate within the dendritic structure. In the G3_Acid system, although few drug molecules are located within the dendrimer's boundaries, it appears that ibuprofen molecules preferentially form clusters (we must also bear in mind the hydrophobic character of ibuprofen) instead of being homogenously dispersed within the dendrimer's interior.
To examine in more detail the relative placement of the ibuprofen molecules not only with respect to the dendrimer but also with respect to other ibuprofen molecules, we have calculated the static structure factor arising from the center of mass of the drug molecules (i.e., each drug molecule was considered as a single scatterer represented by its center of mass). To avoid any bias arising from an anisotropic arrangement of ibuprofen molecules in the solutions, we have calculated the structure factor by averaging over 20 directions uniformly distributed on the surface of a sphere for each magnitude of the scattering vector |q| (henceforth denoted as q), as described in eq 1. Figure 4 shows the so-calculated structure factor for all the examined systems. The features of the spectra in solutions at different pH levels exhibit characteristic differences. In the low pH state (Figure 4d) , a low-amplitude maximum can be discerned at q = 0.4 Å -1 , followed by a broad peak extending from q = 1.0 to = 1.75 Å -1 . The former corresponds to a separation significantly larger compared to the size of an ibuprofen molecule. By the aid of the respective snapshot ( Figure 3d ) and taking into account the length scale corresponding to this q value, we can assign this peak to the separation between the drug clusters. The broader peak at a larger q value denotes a shorter characteristic distance, which can be ascribed to the separation between closest neighbors within the formed clusters (a peak approximately at the same location was also observed in the static structure factor of the bulk sample). This separation ranges between 3.5 and 6.2 Å, which lies between 1 and 2 times the size of an ibuprofen molecule (the radius of gyration of a drug molecule is found to be 3.2 Å). The upturn at the low-q side of the spectra is indicative of an even longerrange spatial correlation between ibuprofen molecules, which could be due to the fact that the relative distance between clusters may continue to grow as time lapses (see Figure 5 later in the text). Such a correlation length would have exceeded the size of the simulation box, and thus, a distinct peak could not have been observed in our analysis.
In the neutral pH state (Figure 4c ), the broad peak observed at the low pH systems between 1 and 1.75 Å -1 seems to be present, as well. A sharper maximum at q = 0.38 Å -1 represents a separation somewhat larger than the dendrimer's radius, which can be rationalized by the localization of the drug molecules within the dendritic structure (the maximum separation would correspond to twice the PAMAM radius). The basic pH systems exhibit certain features not observed in the low and neutral pH conditions: a low amplitude peak appears at q = 0.56 Å . The high-amplitude, low-q peak appears consistent with a separation very close to twice the radius of gyration of the dendrimer. Recalling the segregation of the drug molecules to the dendrimer's surface (Figures 2a, d and 3a, b) , we can ascribe this peak to the distance between diametrically placed ibuprofen molecules around the dendrimer.
As far as it concerns the intermediate peak at q = 0.56 Å -1 , we must assume that it arises from the manner that the drug molecules are arranged on the dendrimer's surface, since this peak can be observed only in systems bearing this specific geometry (i.e., G3_Basic and G3_Ionized). Actually, indications of higher-order peaks are present particularly in the G3_Ionized system, implying a well-defined spatial pattern in the drug molecule's arrangement close to the dendrimer's surface. A close examination of the snapshots in Figure 3a and b reveals the existence of "patches" of the dendrimer's surface not covered by drug molecules. Correlations between such drug-devoid areas on the surface or between local drug aggregations may result in the appearance of peaks possessing spectral features (i.e., relatively low amplitude due to the lower population and a q magnitude corresponding to a separation that is shorter compared to twice the dendrimer's Rg), similar to those characterizing the intermediate or higher-order peaks.
To examine the level of stability of the dendrimer/drug complexes, we have monitored the average distance between the ibuprofen and the PAMAM centers of mass as a function of time, as shown in Figure 5 . Evidently, in basic and neutral . static structure factor arising from the centers of mass of ibuprofen molecules in the G3_Basic (a), the G3_Ionized (b), the G3_Neutral (c), and the G3_Acid (d) systems. Insets in parts a and b present a zoomed-out picture of the spectra in which the high amplitude peak at the low-q side is clearly discernible. pH conditions, the drug molecules retain their average separation from the center of mass, indicating the formation of stable complexes (at least within our time window), in line with relevant experiments. 21 In contrast, at acid pH conditions, they appear to diffuse away from the dendrimer, implying the eventual disruption of the dendrimer/drug contacts, again in qualitative agreement with pertinent experimental findings where no significant increase of the solubility of ibuprofen in the dendrimer solution was noted in a low pH environment. 14 B. Nature of the Dendrimer/Drug Complexation. As has previously been noted, in dendrimer/drug systems 8, 53, 54 and particularly in PAMAM complexes with acidic drug moieties (including ibuprofen), 14, 21, 51 hydrogen bonding and ionic interactions are among those mechanisms suggested to play a decisive part in dendrimer/drug complexation. To determine the role of these mechanisms in PAMAM/ibuprofen association, we have examined radial distribution functions between characteristic atomic pairs which can potentially participate in such interactions. Namely, we examined characteristic hydrogen-acceptor pair distributions between PAMAM and ibuprofen atoms to detect the presence or absence of hydrogen bonding and thus to classify the complex formation as hydrogen-bonding-or non-hydrogen-bonding-driven. To this end, we checked PAMAM amine hydrogen (H3)-ibuprofen carbonyl oxygen (O), PAMAM amine hydrogen (H3)-ibuprofen hydroxyl oxygen (OH), PAMAM amide hydrogen (H)-ibuprofen carbonyl oxygen (O), and PAMAM amide hydrogen (H)-ibuprofen hydroxyl oxygen (O), representing PAMAM /drug hydrogen-bonding-capable atomic pairs.
The criteria we followed for identification of a hydrogen bond were based on the hydrogen-acceptor distance in conjunction with the angle formed by the donor-hydrogen-acceptor triplet. The maximum distance for counting the hydrogen-bonded pairs was determined by the extent of the corresponding peak in the pertinent pair distribution function, whereas only pairs for which the donor-hydrogen-acceptor angle was equal to or wider than 120°were considered. 41 ,55,56 Figure 6 shows the pair distribution functions between PAMAM amine/amide hydrogens and ibuprofen carbonyl/ hydroxyl oxygens. The peak indicative of hydrogen bond formation is marked by an arrow. Identification of hydrogenbonding maxima is based on the criteria mentioned earlier taking into account that H · · · O types of bonds as those examined here involve hydrogen-oxygen separations typically 57, 58 close to 2 Å.
From a visual inspection of the pair correlation functions, several general features can be noted. To begin with, in all the examined cases, hydrogen bond formation in low pH conditions appears either very rare or virtually absent. In addition, no indications for hydrogen bonding are observed in the G3_Ionized system. In contrast, in the G3_Basic system, hydrogen bonding between the drug and the dendrimer primary amines is rather frequent. It therefore follows that the mechanisms responsible for the preferential binding of the drug molecules close to the dendrimer's surface in the two cases at high pH conditions (Figures 3a, b and 4a, b) , are different. Participation of the amine hydrogens in hydrogen bonding in the neutral pH state is also quite infrequent. On the contrary, hydrogen bond formation at neutral pH conditions does take place between the amide hydrogen and ibuprofen molecules. This is also the case regarding the formation of hydrogen bonds between the dendrimer's carbonyl oxygens and the drug's hydroxyl hydrogens (not shown here). This finding appears consistent with the presence of drug molecules well within the interior of the dendritic structure at physiological pH conditions, as noted earlier (Figures 2b and 3c) . A noticeable degree of hydrogen bonding is also observed between ibuprofen and PAMAM amide hydrogens in the G3_Basic system. Taking into account that amide hydrogens can be found at all generational shells (see Figure 1) , the above observation is also compatible with the nonzero density profile of the drug within the dendrimer's interior (Figure 2a) .
The picture emerging from the above behavior implies that at the neutral pH state physical association between drug molecules and dendrimer is to a large extent hydrogen-bondingdriven, due to hydrogen bond formation between PAMAM amide hydrogen (and PAMAM carbonyl oxygen sites, not shown here) and ibuprofen. Hydrogen bonding appears to play a significant role in the G3_basic system, as well, where ibuprofen molecules are associated mainly with the amine and, to a lesser extent, the amide hydrogens (and the carbonyl oxygens, not shown here) of the dendrimer. The rather rare hydrogen-bonding occurrence in the acidic state is consistent with the unstable character of PAMAM/drug complexes as described in Figure 5 . On the other hand, the absence of any indication regarding dendrimer/drug hydrogen-bond formation in the experimentally realizable high pH state at which ibuprofen is ionized (G3_Ionized) indicates that a different mechanism should be responsible for the formation and the stability of these complexes. On the basis of the information obtained from the previous analysis, it seems plausible to exclude the possibility of hydrophobic interactions as being the principal mechanism acting in favor of complex formation at basic pH conditions; in such a case, ibuprofen would have rather been encapsulated in the dendrimer's interior instead of adopting an arrangement that far from minimizes the number of contacts with the aqueous environment. Therefore, bearing in mind the geometric characteristics of the drug molecules' arrangement around the dendrimer, their proximity to the outer amine groups (compare the pair distribution functions of the G3_Ionized system of Figure 6a and b with those of Figure 6c and d) and the absence of hydrogen bonding, it appears reasonable to conclude that at high pH conditions where ibuprofen molecules are ionized, electrostatic pairing between the drug molecules and primary PAMAM amines can most likely account for the dendrimer/ drug complexation.
C. Dynamic Aspects of the Drug Behavior. Apart from the static picture concerning the arrangement of ibuprofen molecules in the formed complexes, it is of interest to examine the characteristic time scales describing self-and collective motion of the drug. This information could be important not only for the transport properties of the complexed drug but also for the optimization of the drug-target interactions when the complexes reach the targeted sites (e.g., cell membranes) and the drugrelease process. Self-motion of ibuprofen molecules was investigated by examining the incoherent dynamic structure factor arising from the centers of mass of the drug molecules according to eq 2 To avoid effects associated with the system's anisotropy, for each scattering vector magnitude q, we have averaged over 20 different directions randomly distributed on a sphere's surface, as we did in the calculation of the static structure factor. In eq 2, N represents the number of drug molecules (i.e., 32). This dynamic quantity essentially probes density fluctuations due to the movement of the individual monitored particles (here, the drug molecules), revealing both spatial and temporal characteristics of the motion. 59 To obtain an insight regarding ibuprofen's self-motion, we have evaluated S inc (q, t) at characteristic scattering vector magnitudes; that is, corresponding to peak locations of the static structure factors (Figure 4) . Figure 7 illustrates the incoherent dynamic structure factors together with the average times estimated from integration of the corresponding spectra (for systems at basic pH conditions, spectra corresponding to the low-q peak are considered). The so-calculated times essentially provide a measure for the time scale corresponding to the slowest structural relaxation process of the drug molecules, at length scales not exceeding the overall size of the dendrimer.
Apart from the acid pH case, for the rest of the systems in which dendrimer/drug complexes appear to be stable, a time scale on the order of hundreds of picoseconds characterizes selfmotion of the drug molecules. Between the two systems in basic pH conditions, the longest time corresponds to the G3_Ionized system, indicating that the mechanism responsible for dendrimer/ drug complexation in this system (i.e., ionic pairing), induces a more constricted motion of ibuprofen compared to that in the hydrogen-bonding-sustained complex (G3_Basic system). The shorter time scale in the G3_Acid system is consistent with the absence of dendrimer/drug complexation and, thus, with a less restricted motion of drug molecules either in an individual or in a cluster state. Figure 8 presents the q-dependence of the self-motion of ibuprofen molecules as expressed by S inc (q, t) in a wide q range, covering larger as well as shorter length scales compared to the dendrimer dimensions. At the low-q range (i.e., at length scales larger than the dendrimer dimensions), drug molecules exhibit a diffusive motion (i.e., τ -1 ∝ q 2 ) independently of their associative state with the dendrimer. For those systems in which drug molecules are complexed with the dendrimer (i.e., all but the G3_Acid system), this behavior essentially reflects the diffusive motion of the dendrimer/drug complex. For the G3_Acid system, it can be the result of the diffusive motion either of individual molecules or of the hydrophobically sustained drug clusters.
Small differences in the absolute values of the characteristic times should be attributed to the slower or faster diffusive motion of the different systems with respect to each other. For instance, the fact that the G3_Ionized system exhibits somewhat longer times implies a larger hydrodynamic radius of this system as compared to the rest. As the length scale approaches that of the dendrimer dimensions, a differentiation of the time scales for the individual drug motion takes place, depending on the system examined. The q range at which this change is realized, denoted by the hatched area in Figure 8 , coincides with the range Figure 7 . Incoherent dynamic structure factor of the examined systems at the lowest q value corresponding to a peak of the static structure factor (Figure 4) . Inset presents the characteristic relaxation times after integration of the respective spectra.
at which the static structure factor peaks appear ( Figure 4) ; that is, at length scales at which spatial correlations between drug molecules are established. The time scale separation observed between systems at higher q values (i.e., at shorter distances) implies that distinct dynamic environments are experienced by the drug molecules in different systems, in line with the different degree of constriction imposed by their geometrical arrangement, as described earlier. In the higher q limit examined, where the respective length scales become comparable to few drugmolecule radii (i.e., at q > 0.7 Å -1 corresponding to separations shorter than ∼9 Å), deviations from the immediately lower q regime behavior are observed in the complexed systems. Such deviations are most probably associated with the non-Gaussian character of the drug molecules' displacement at such short distances and to the more constricted environment. 60, 61 To explore the collective motion of ibuprofen, we have examined the distinct Van Hove correlation function (eq 3), which probes density fluctuations due to the cooperative motion of the neighbors around each particle 59 (here a drug molecule).
In the former expression, N represents the number of particles (here, 32), while i and j refer to drug-molecule indices. This function is proportional to the probability that a particle is at position r at time t, provided that a different particle was at the origin (r ) 0) at time t ) 0. Its Fourier transform is the coherent dynamic structure factor which can be probed by experimental techniques possessing spatial and temporal resolution, such as neutron scattering. 62 At t ) 0, the distinct Van Hove function is proportional to the radial distribution function g(r) of the examined particles. At large times and long separations, the position of each particle is uncorrelated to the position of another particle at earlier times, which leads to the gradual smearing out of the g(r) peaks. To facilitate a visual inspection of the rate at which the shell formed by the nearest neighbors loses cohesion, we have normalized the y-axis with respect to the amplitude of the first-neighbor peak corresponding to the static case (i.e., at t ) 0). Figure 9 illustrates the behavior of G d (r, t)/G d,max (r, 0) of the examined systems covering a wide range of time scales. As time lapses, the peak indicating the spatial correlation with the nearest neighbors becomes broader and gradually loses its amplitude due to the disruption of the transient "cage" formed by the surrounding drug molecules. At the same time, at longer time scales and at distances close to r ) 0, G d (r, t) increases. This increase of the distinct Van Hove function at r close to 0, signifies that particles (i.e., drug molecules) that were at r ) 0 at t ) 0 are being substituted by other particles as time progresses. In other words, this behavior reflects a dynamic exchange between drug molecules.
Actually, we can identify a characteristic time t max above which the level of G d (r, t) does not increase anymore, or it starts decreasing. 63, 64 This behavior is illustrated in the insets of Figure  9 . Both in main panels and in insets, arrows point to the direction of the increase of time. At the time scale corresponding to t max , the probability that a site which was originally occupied by a particle is at a later time occupied by a different particle is maximized. This time scale can be taken as a measure for the average time required in order that a particle is substituted in position with a different one; that is, a cooperative rearrangement between particles has been realized. Apparently (see insets), this time scale depends on the system under examination. For the G3_Basic system, t max is estimated close to 400 ps; for the G3_Ionized, close to 800 ps; for the G3_Neutral, close to 1 ns; and for the G3_Acid, close to 300 ps. Comparing the time scales for collective modes to those describing self-motion at length scales close to dendrimer dimensions (Figure 7 inset ), it appears that the former are at all cases longer, as expected due to their cooperative nature.
This dynamic information implies a rather simple picture as far as it concerns the degree of difficulty in the realization of the collective spatial rearrangement of drug molecules, which is consistent with the static picture described earlier. Namely, it can be seen that it takes much more time (i.e., it is much more difficult) for drug molecules to rearrange themselves in a cooperative manner when located in the dendrimer's interior and having formed hydrogen-bonds with it (as is the case for the G3_Neutral system) than to move collectively when being close to the surface (as is in the basic pH state, G3_Basic and G3_Ionized systems) or not being associated with the dendrimer at all, as is the case in low pH conditions. Moreover, the fact that between the two systems at basic pH conditions a longer t max corresponds to the G3_Ionized system implies that the physical binding to dendrimer sites is firmer in that case. Particularly in the two models at high pH, a characteristic "jump" of the G d (r, t) can be observed between 100 and 200 ps (pointed out by vertical arrows in Figure 9a and b) , not detected in the other systems. Taking into account the arrangement of ibuprofen molecules near the dendrimer's surface (a characteristic that differentiates these systems from the others), we can surmise that at that time scale, a particular synergistic dynamic process associated with position exchange between neighboring drug molecules takes place.
V. Summary/Conclusions
Examination of static and dynamic properties of dendrimer/ ibuprofen systems revealed that distinct mechanisms are responsible for the formation of dendrimer/drug complexes at different pH conditions in aqueous solutions. At low pH, no stable dendrimer/drug complex was detected (see Figure 5 ), in agreement with relevant experimental observations.
14 Despite the better accessibility of drug molecules to PAMAM hydrogen- 
bond-capable sites due to the more "open" conformation adopted by the dendrimer, hydrogen-bonding between dendrimer and drug molecules was practically absent. In such conditions, instead of associating with the dendrimer (an occurrence that would have increased the drug's solubility), the hydrophobic drug molecules form clusters, which eventually diffuse away from it, thus keeping the solubility of the drug at levels similar to those expected in the absence of dendrimer. At physiological pH conditions, dendrimer/drug complexation is promoted mainly via hydrogen bonding between ibuprofen molecules and PAMAM amide hydrogens and carbonyl oxygens, leading to the formation of stable complexes. In this system, drug molecules appear to penetrate well within the dendritic structure, which undergoes a conformational change upon protonation of the primary amines. The protonated amine groups do not appear to participate in hydrogen bond formation.
In the basic pH state in which ibuprofen molecules are ionized, stable PAMAM/ibuprofen complexes are formed, as well; however, neither hydrogen bonding nor hydrophobic interactions appear to act as driving forces for complexation. On the basis of this information and the fact that ibuprofen molecules are found to preferentially arrange themselves at the dendrimer's surface, it is concluded that electrostatic interactions between the drug and the primary amine groups is the principal reason for the observed behavior. This conclusion is in a good agreement with the mechanism suggested from relevant experimental studies. 14, 21 An analogous associative behavior is exhibited by the virtual system in which neither the dendrimer nor the drug molecules are ionized; however, complex formation in that case appears to be hydrogen-bonding-driven, mainly due to the formation of hydrogen bonds between ibuprofen and the primary dendrimer amines. In other words, ionization of ibuprofen clearly makes the difference in the associative behavior between the dendrimer and the drug at high pH conditions.
The dynamic properties of ibuprofen molecules are found to be correlated to the specifics of their spatial arrangement with respect to the dendrimer. At low pH conditions, both self-and collective drug dynamics appear to be faster as compared to the systems at higher pH levels and to lie close to 100 ps (taking as scattering vector the one corresponding to the low-q peak of the static structure factor; Figure 4a ) and 300 ps, respectively. In the neutral pH state, the dynamic behavior of the formed dendrimer/drug complex indicates slower-moving drug molecules characterized by a sluggish collective motion, compatible with the spatially constricted arrangement of the molecules revealed from the static picture. The time scale for self-motion at separations within the dendritic structure is of the order of several hundred ps (∼300 ps at the low-q peak of the static structure factor; Figure 4c ), whereas the average time scale for collective rearrangements reaches the nanosecond range.
At high pH conditions, self-as well as collective dynamics in the ionized ibuprofen system appears slower as compared to that characterizing the system with nonionized ibuprofen molecules. This observation implies a stronger physical binding between dendrimer and drug when the latter is ionized, consistent with the electrostatic nature of the dendrimer/drug interaction. In addition, the G3_Ionized system assumes the slower self-motion from all the examined systems (∼500 ps), wehreas the time scale for collective motion is comparable (but somewhat faster) compared to that characterizing the neutral pH state, despite the absence of an apparent geometrical confinement in a sense similar to that observed in the latter. Due to the arrangement of drug molecules at the surface of the dendrimer at high pH conditions, it appears that specific dynamic mechanisms may facilitate close-neighbor position exchanges, thus accelerating collective drug motion.
Although the above-described static and dynamic picture refers to complexation of PAMAM dendrimers with a specific drug, ibuprofen, we believe that the mechanisms responsible for the dendrimer/drug complexation described here may share to a large extent common characteristics with those acting on systems of PAMAM dendrimers with a broader category of carboxyl-bearing weakly acidic pharmaceutical compounds. 
